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a  b  s  t  r  a  c  t

To  convert  bleached  softwood  paper  grade  pulp  into  dissolving  pulp  for viscose  application,  two  stages  of
treatments  consisting  of  enzymatic  treatment  and  alkaline  peroxide  treatment  were  investigated.  It was
found  that  high  reactivity  (about 80%)  of  pulp  could  be achieved  by  endoglucanases  (EG)-rich  industrial
cellulase  treatment,  and  the  �-cellulose  content  as  well  as  the  viscosity  of enzymatically  treated  pulp
can  be  further  adjusted  by  the  alkaline  peroxide  treatment  with  certain  dosages  of  NaOH  and  H2O2 to
finally  meet  the  quality  requirements  of dissolving  pulp.  The resulting  pulp  with  68.7%  of  reactivity,
eywords:
issolving pulp
iomass
nzyme
lkaline peroxide
iopolymers

92.1%  of  �-cellulose  content,  and  506.9  mL/g  of  pulp  viscosity  could  be obtained  after  the two  stages
of  treatments.  The  appropriate  dosage  of  EG-rich  cellulase  was 300  IU/g  bone  dry  pulp in the  stage  of
enzymatic  treatment,  while  the suitable  dosages  of  NaOH  and  H2O2 were  9 wt%  and  1  wt%,  respectively,
in  the  stage  of alkaline  peroxide  treatment.

© 2013 Elsevier B.V. All rights reserved.

iofuels

. Introduction

Dissolving pulp, which is generally produced by acidic sulphite
ulping or pre-hydrolysis kraft process [1–3], is used to manu-
acture cellulose-derived products, such as regenerated fibers or
lms (e.g. viscose, Lyocell), cellulose ethers (carboxymethyl-, ethyl-

 methyl-celluloses), and cellulose esters (acetates, propionates,
utyrates, nitrates) [4]. Compared with paper-grade pulp, dis-
olving pulp contains a higher content of cellulose (>90%), lower
ontent of hemicelluloses (<4%), as well as trace levels of lignin,
xtractives and minerals [5].

In viscose process, which is the oldest commercial approach
or the production of regenerated cellulose fibers, carbon disulfide
CS2) is usually used as an etherification agent with highly negative
nvironmental impact [6], despite the cellulose used is renewable
nd biodegradable material. It has been known that the use of
igh reactivity pulp can reduce the demand of CS2 in viscose pro-
ess, improve the quality of end-products, and decrease processing
osts [7,8]. Hence, various mechanical [9], chemical [9,10] meth-

ds, and enzymatic treatments [5,11] were conducted alone or in
ombination to improve cellulose reactivity. On the other hand, in
he drive to reduce the process costs, the viability of upgrading

∗ Corresponding author. Tel.: +86 532 80662725.
∗∗ Corresponding author. Tel.: +86 532 80662723.

E-mail addresses: libin@qibebt.ac.cn (B. Li), muxd@qibebt.ac.cn (X. Mu).

369-703X/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.bej.2013.11.019
paper-grade pulp to dissolving pulp has also been paid more atten-
tions [5,12,13].

However, increasing cellulose reactivity and accessibility is not
an easy task as cellulose exhibits an extremely compact structure
consisting of more-ordered (crystalline) and less-ordered (amor-
phous) regions formed by hydrogen bonds within the cellulose
chains [4,14]. Other factors, such as hemicellulose content [15], the
present of cellulose II (less reactive due to its antiparallel orienta-
tion than cellulose I with parallel chains) [9], the porosities of the
cellulose structure, the solvent or reagent used, the internal surface,
and the structure of the cellulose molecules can affect the cellulose
reactivity as well [4,8,16]. In addition, conventional production of
dissolving pulp caused serious environmental pollution, which is
mainly due to the toxic effluent released from industries [17].

Recently, enzymatic treatment, specially the utilization of cel-
lulases, has been considered as a very promising method for
increasing cellulose reactivity [5–8,11–13], because enzymes are
non-toxic and environmentally benign. Endoglucanases (EG), cel-
lobiohydrolases (CBH) or exoglucanases, and �-glucosidases (BGL)
or cellobiase are the three major groups of cellulases [18]. EG ran-
domly cut the amorphous sites of cellulose, thus decreasing chain
length and generating new chain ends. CBH attack the reducing or
non-reducing ends of cellulose chains, releasing mainly cellobiose

units, while BGL reacted with cellobiose, generating glucose units.
Extensive studies [1,5–8,10–12,19,20] focused on the utilization of
the monocomponent EG to enhance cellulose reactivity. However,
the cost of pure EG is much higher than that of EG-rich cellulases.

dx.doi.org/10.1016/j.bej.2013.11.019
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2013.11.019&domain=pdf
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ig. 1. SDS-PAGE of EG-rich cellulase (lane 1: Mw markers; lane 2: protein extract
f  cellulase).

herefore, it is also a suitable approach to obtain high reactivity of
ellulose by using EG-rich cellulases product in enzymatic treat-
ent combined with other chemical treatments [21].
In this study, enzymatic treatment of bleached softwood paper-

rade pulp using an EG-rich industrial cellulase was conducted
o improve the reactivity of cellulose. Subsequently, to well reach
he quality of dissolving pulp, the enzymatically treated pulp was
urther adjusted by alkaline peroxide treatment for decreasing
emicellulose content and pulp viscosity, which is a typical
pproach used for pulp bleaching in pulping industry [22,23].
eanwhile, the influence of treatment on pulp quality was  eval-

ated by cellulose reactivity (based on Fock’s method), �-cellulose
ontent, viscosity, and pulp yields.

. Experimental

.1. Material

The commercial elemental chlorine free (ECF)-bleached soft-
ood Kraft paper-grade pulp (PGP) was kindly provided by a paper
lant in East China. The properties of PGP on the basis of oven
ry weight were: �-cellulose content 85.1%, hemicellulose con-
ent 14.7%, ash content 1.2%, lignin content 0.7%, reactivity 32.8%,
nd viscosity 916 mL/g. The reference sample obtained from a dis-
olving pulp mill in South China was the commercial softwood
issolving pulp with cellulose reactivity of 68.8%, �-cellulose con-
ent of 89.9%, and viscosity value of 499.7 mL/g. Prior to treatments
nd analyses, the dried pulps were cut into 1 cm × 1 cm pieces,
ept in deionized water for 12 h, and followed by the disintegra-
ion at 3 wt% consistency and 3000 revolutions. All treatments and
nalyses were carried out in duplicate in this study.

EG-rich cellulase was supplied by KDN pharmaceutical company
Qingdao, China). The enzymatic activity was 2450 IU/g, and pro-
ein content was 27 mg/mL. The protein composition was  shown
n Fig. 1. The identification of EG-rich cellulase was  conducted in
our steps: (1) the SDS-PAGE gel of EG-rich cellulase was  running
n a Bio-Rad Mini-PROTEAN Tetra Cell for about 1 h at a voltage of

20 V; (2) after that, the gel was immersed in Coomassie blue (G-
50) staining solution with slow agitation on a horizontal shaker
or about 20–30 min; (3) the gel was immersed in de-staining solu-
ion on the same shaker for about 20–30 min; (4) changed the
ing Journal 82 (2014) 183– 187

de-staining solution for 3–5 times until the bands could be seen
clearly. Because each enzyme has its own molecular weight (Mw)
which is different from others, the enzyme can be identified by
comparing the Mw of each band (Lane 2 in Fig. 1) to the Mw of
markers (Lane 1 in Fig. 1).

All other chemicals were of analytical grade and used as received
without further purification.

2.2. Enzymatic treatments

Before enzymatic treatment, the PGP samples were adjusted
to pH 6.5 with phosphate buffer solution at 3 wt% pulp consis-
tency. For a homogeneous distribution, the enzymes were firstly
dispersed in the buffer and then added to the pulp. The enzymatic
treatments were performed in sealed plastic bags in a water bath at
50 ◦C for 2 h. Different enzyme dosages of 0, 100, 200, 300, 400, and
500 IU/g (oven dry pulp) were investigated, respectively. During
each test, the pulps were kneaded for 5 min  in every 15 min. After
treatment, the enzymes were denatured by mixing with deionized
water at 97 ◦C, and then washed with deionized water at room
temperature. As a control, pulps were treated under identical con-
ditions without enzyme.

2.3. Alkaline peroxide treatments

Alkaline peroxide treatment was  performed using Parr 4560
reactor (Moline, Illinois, USA) at 97 ◦C for 1 h with pulp consistency
of 10 wt%. The dosage of sodium hydroxide varied from 6 to 12%
and the dosage of hydrogen peroxide ranged from 0 to 3%. The
use of the temperature at 97 ◦C for the denaturing of enzyme and
alkaline peroxide treatment is to simulate the temperature of the
twin-screw extrusion process reported in our previous study [24].
Briefly, biomass entered the extruder via a feed inlet continuously
with the screw speed of 325 rpm (about 30 s of residence time in
the extruder) and was crushed by a specially designed twin-screw
extruder. During the extrusion process, great mechanical forces
(frictional force and shearing force) were generated among the
biomass fibers and the screws, leading to the fibrillation of fibers
and the generation of a great amount of heat which can rapidly
increase the temperature of biomass. Out of the extruder, the tem-
perature of treated biomass was about 97 ◦C and the biomass was
preserved in a thermal insulation tank for 1 h to complete reactions.
Therefore, if the alkaline peroxide treatment can be conducted at
this temperature with good effectiveness, a continuous process
(enzyme treatment + continuous alkaline peroxide treatment) can
be developed in the future studies.

2.4. Pulp quality analysis

The reactivity of cellulose was determined according to the
method described by Fock with slight modifications [25]. This
method is time-consuming and needs reference data in multivari-
ate calibration, but it can be performed with ordinary wet chemistry
laboratory equipment [26]. The method consisted of two parts: 1)
the preparation of viscose from dissolving pulp and the collection
of regenerated cellulose; 2) the oxidation and titration of the regen-
erated cellulose. The detailed descriptions were reported in the
previous studies [5,7], and the reactivity value was  presented as
the yield of regenerated cellulose.

The intrinsic viscosities [�] of pulp samples were determined
using capillary viscometer in cupriethylene-diamine (CED) solution

at 25 C according to China International Standard (GB/T1548-
1989) [27]. �-Cellulose content, lignin content, and ash content
were measured following TAPPI test standards, i.e. T 203, T 222, and
T 211, respectively. In addition, the analyses of total reducing sugar
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ig. 2. Effect of dosage of EG-rich cellulase on cellulose reactivity and �-cellulose
ontent (enzymatic treatment conditions: pH 6.5; 3 wt%  pulp consistency; 50 ◦C for

 h incubation).

n spent liquor were performed by the use of 3,5-dinitrosalicylic
cid (DNS) method.

. Results and discussion

The processability of a dissolving pulp is typically determined
y cellulose reactivity [4], which is defined as accessibility of the
ydroxyl groups at C6 and C2/C3 of the glucose monomer units to
he reactants [11]. Furthermore, a high �-cellulose content pulp
ith appropriate viscosity value is also one of the most important

uality parameters of dissolving pulp. Thus, the aim of this work
s to increase reactivity and �-cellulose content, reduce viscosity,
nd simultaneously maintain a relatively high pulp yield.

.1. Effects of EG-rich cellulase treatments

The effects of the dosage of EG-rich cellulase on cellulose reactiv-
ty and �-cellulose content are presented in Fig. 2. As can be seen,
he �-cellulose content decreased with the increase of cellulase
osage used. This was mainly due to the modification of cellulose
y EG-rich cellulase attack [7,18,21], which was in agreement with
he increment of reducing sugar in spent liquor after enzymatic
reatment. The total reducing sugar increased from about 2.16 g/L to
.04 g/L when the dose of EG-rich cellulase increased from 100 IU/g
o 500 IU/g (Table 1). Correspondingly, the pulp yield reduced from
bout 94% to 86%, and the viscosity decreased to approximately
30 mL/g, as exhibited in Fig. 3. This is because EG-rich cellulase
ontains a certain amount of CBH and BGL (Fig. 1), resulting in the
egradation of small cellulose fragments. Thus, the component of
G, CBH and BGL is a very important parameter. On the other hand,
ome variables (like temperature and pH) may  increase/decrease
nzyme activities, as different enzymes have different optimal reac-
ion conditions. Therefore, controlling reaction parameters (e.g.
emperature and pH) or adding suitable surfactants could adjust

nzymes activities to a certain extent, but more tests are needed in
he future to verify the effectiveness.

Fig. 2 also showed that, the reactivity improved significantly as
he dosage of cellulase increased. About 80% of reactivity could be

able 1
educing sugar concentration in spent liquor after enzymatic treatmenta.

Dosage of EG-rich cellulase (IU/g) 0 100 

Reducing sugar in spent liquor (g/L) 0 2.16 

a Enzymatic treatment conditions: pH 6.5; 3 wt%  pulp consistency; 50 ◦C for 2 h incuba
Fig. 3. Effect of dosage of EG-rich cellulase on pulp yield and viscosity (enzymatic
treatment conditions: pH 6.5; 3 wt% pulp consistency; 50 ◦C for 2 h incubation).

achieved with the cellulase dose of 300 IU/g, which was remark-
ably higher than that of the commercial dissolving pulp (68.8%).
This was  mainly because of the chain cleavage at amorphous sites
by EG cutting [5–7]. Nevertheless, the reactivity seemed some con-
stant when the dosage of cellulase was over 300 IU/g (Fig. 2), which
was probably due to the steric hindrance as the penetration of
enzymes into the fibrils could be limited by the available surface
areas [8,19]. This was in accordance with the minor change of vis-
cosity at relatively high cellulase dosages, as presented in Fig. 3.
However, despite the reactivity and pulp viscosity seemed not to
be affected, there were still some drops (about 3%) of pulp yield at
high cellulase concentration (over 300 IU/g). This was  more likely
due to that the small cellulose fragments were degraded by CBH and
BGL in the EG-rich cellulase, and it was  consistent with the increase
of reducing sugar at higher enzyme dosages, e.g. about 1 g/L incre-
ment of total reducing sugar in spent liquor could be obtained as
the enzyme dose increased from 300 IU/g to 500 IU/g (Table 1). For
the case of 300 IU/g, the reducing sugar in spent liquor after enzy-
matic treatment was  about 2.90 g/L, and this is about 10% of sugar
recovery (based on the original dry pulp). Thus, such amount of
reducing sugar can be recovered for further utilization (e.g. the
production of many value-added products, such as biofuels and bio-
chemicals) with the integrated biorefinery possibilities [28,29]. On
the other hand, to inhibit the degradation of cellulose fragments,
the activities of CBH and BGL could be lowered by adjusting reaction
parameters.

Based on the results displayed above, the suitable dosage of
EG-rich cellulase was 300 IU/g oven dry pulp for the enzymatic
treatment at 50 ◦C for 2 h with the pulp consistency of 3 wt%.
Under such conditions, the reactivity and pulp viscosity after enzy-
matic treatment were 79.9% and 537.3 mL/g, respectively, while
the �-cellulose content (85.2%) was not high enough, compared
with the reference sample (commercial dissolving pulp with 89.9%
�-cellulose). This is due to the fact that the large amount of
hemicellulose still remained in the enzymatically treated pulps
(hemicellulose content 10.2%). Consequently, the subsequent alka-

line peroxide treatment was  carried out to further adjust the
�-cellulose content and pulp viscosity to meet the requirements
of dissolving pulp.

200 300 400 500
2.40 2.90 3.65 4.04

tion.
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Fig. 4. Effects of alkaline peroxide treatment with different dosages of NaOH and
H2O2 on reactivity and �-cellulose content (alkaline peroxide treatment was con-
ducted at 97 ◦C for 1 h with 10 wt% of pulp consistency and the certain dosages of
NaOH and H2O2).
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ig. 5. Effects of alkaline peroxide treatment with different dosages of NaOH and
2O2 on pulp viscosity (alkaline peroxide treatment was conducted at 97 ◦C for 1 h
ith  10 wt%  of pulp consistency and the certain dosages of NaOH and H2O2).

.2. Effects of alkaline peroxide treatment for enzymatic treated
ulp

Effects of alkaline peroxide treatment with different dosages of
aOH (wt%) and H2O2 (wt%) on reactivity and �-cellulose content
ere displayed in Fig. 4, while effects of alkaline peroxide treat-
ent with different dosages of NaOH (wt%) and H2O2 (wt%) on

ulp viscosity were shown in Fig. 5. It was seen from Fig. 5 that, the
ulp viscosity could be more easily adjusted by alkaline peroxide
reatment compared to the alkali treatment with only NaOH, and
t the fixed dosage of H2O2 (3 wt%), increasing the concentration of
aOH (from 6 wt% to 12 wt%) led to remarkable reduction of pulp
iscosity. This was due to the degradation of carbohydrates, and
he formed radicals such as hydroxyl radical, hydroperoxy radical,
s well as superoxide anion radical during alkaline peroxide treat-
ent were responsible for the de-polymerization of cellulose and

emicellulose [4,30]. However, under such conditions, the reactiv-

ty decreased significantly, particularly at high dose of NaOH (over
%) with 3% H2O2, as exhibited in Fig. 4. This might result from
he hornification effect [31,32], which was attributed to a reduced
urface area and pore volume of pulps owing to the aggregation
ing Journal 82 (2014) 183– 187

of microfibrils after the extraction of alkali soluble of hemicellu-
lose and the degradation of carbohydrates. For example, after the
alkaline peroxide treatment with 9% NaOH and 1% H2O2, the total
reducing sugar in spent liquor of this stage of treatment was about
1.26 g/L. But such concentration of reducing sugar in spent liquor of
alkaline peroxide treatment means only about 1–2% of sugar recov-
ery could be achieved (based on the original dry pulp). Therefore,
the sugar recovery for the spent liquor from the second stage will
be ineffective and the spent liquor may  go to chemical recovery
system and waste water treatment system (well developed in the
modern pulp industry) [4].

Fig. 5 also showed that, a higher pulp viscosity could be obtained
at lower charge of H2O2 (2% or 1%), which could avoid the excessive
de-polymerization of cellulose, thus leading to a higher �-cellulose
content with appropriate reactivity (Fig. 4). Therefore, the suitable
dosage of NaOH and H2O2 were 9% and 1%, respectively, for the
stage of alkaline peroxide treatment (97 ◦C for 1 h with 10 wt%  of
pulp consistency) after the enzymatic treatment. Under these con-
ditions, the resulting pulp with 92.1% �-cellulose content, 68.7%
reactivity, and 506.9 mL/g pulp viscosity could be obtained, which
was comparable to the reference commercial dissolving pulp (reac-
tivity of 68.8%, �-cellulose content of 89.9%, and viscosity value of
499.7 mL/g). In addition, after the two stages of treatment, 79.8%
of pulp yield could be achieved. The ash content and lignin con-
tent could be lower than 0.1% and 0.3%, respectively. However, the
key parameters (�-cellulose content, pulp reactivity and viscosity)
of resulting pulp after the treatments with the reverse sequence
i.e. alkaline peroxide treatment followed by enzymatic treatment,
could not reach the requirement of dissolving pulp for viscose pro-
duction (data not shown).

Therefore, by using cost effective EG-rich cellulase product and
optimized alkaline peroxide treatment, dissolving pulp which sat-
isfied the required parameters for viscose production could be
obtained, and it is also possible to tailor the EG-rich cellulase
based on the starting material (e.g. different species of pulp). The
two stages of treatments (i.e. enzymatic treatment combined with
alkaline peroxide treatment) are cost effective with lower environ-
mental impacts compared with other methods. For instance, dilute
acid treatment may  cause equipment corrosion, thus limiting its
application, and the one by using pure-EG is much more expensive
[21].

Overall, based the results obtained above, further studies by
developing a continuous process (enzymatic treatment followed by
twin-screw extrusion-alkaline peroxide treatment) will be carried
out in the near future, in that alkaline peroxide treatment can be
performed at 97 ◦C with good effect. The twin-screw process does
not need extra heating device and is beneficial for the decrease of
pulp viscosity as fibers can be modified during the extrusion pro-
cess [24]. Also, the spent liquor can be recycled and reused for the
twin-screw extrusion-alkaline peroxide treatment to minimize the
environmental impacts, but the demonstration tests (including the
further optimization of enzymatic treatment) for the entire process
are needed as well.

4. Conclusions

In this preliminary research, two  stages of treatments i.e. enzy-
matic treatment combined with alkaline peroxide treatment was
performed to upgrade bleached softwood paper grade pulp to dis-
solving pulp for viscose production. The use of EG-rich cellulase
in enzymatic treatment can significantly improve the pulp reactiv-

ity, and the quality of enzymatically treated pulp can be precisely
adjusted by alkaline peroxide treatment with appropriate dosages
of NaOH and hydrogen peroxide under certain conditions to reach
the quality of dissolving pulp. Furthermore, the reducing sugar in
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